The formation of conducting channels of Ti4O7 inside TiO2-based memristors is believed to be the origin for the change in electric resistivity of these devices. While the properties of the bulk materials are reasonably known, the interface between them has not been studied up to now mostly due to their different crystalline structures. In this work we present a way to match the interfaces between TiO2 and Ti4O7 and subsequently the band offset between these materials is obtained from density functional theory based calculations. The results show that while the valence band is located at the Ti4O7, the conduction band is found at the TiO2 structure, resulting into a type II interface. In this case, the Ti4O7 would act as a donor to the TiO2 matrix.
I. INTRODUCTION
The memristor is an electronic device predicted by L. Chua in 1971 [1, 2] and experimentally obtained a few years ago. [3] These devices are characterized by distinct resistance states which could be used to store information as they show very fast switching and high retention times. [4] There are reports of a wide range of materials (particularly metal oxides) which show this memristive effect. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Although the switching mechanism, and the origin of the different resistance states has not been completely elucidated, it is generally believed that the presence of oxygen deficient phases plays a major role in the memristive effect. [15] Within the possible materials, TiO 2 is one of the most studied ones. [5, [15] [16] [17] [18] [19] Inside memristive devices, Ti 4 O 7 channels immersed in the TiO 2 -based matrix have been observed, and the formation of such structures is believed to be largely responsible for the change in resistivity. [19] While TiO 2 is known to be a wide gap semiconductor (experimental band gap E g ≈ 3.1 eV [20] ) Ti 4 O 7 presents three phases with different electronic transport properties. The low temperature (T ≤ 140 K) and intermediate temperature phases (140 K ≤ T ≤ 150 K) are semiconductors while the high temperature phase (T ≥ 150 K) is metallic. [21] [22] [23] [24] The differences between those phases is mainly due to small atomic displacements which do not lead to significant changes in the unit cell.
Despite the large amount of theoretical work on either TiO 2 rutile [17, [25] [26] [27] and Ti 4 O 7 , [28] [29] [30] [31] [32] the band alignment of these two materials is not known up to now, mainly because of the difficulty in building a supercell containing the Ti 4 O 7 -TiO 2 interface -the two materials present very different unit cells, making the match between them very difficult. This information could be very useful to the understanding of the atomic level mechanism of the memristor, given that the Ti 4 O 7 -TiO 2 interface spans a great part of the device length after the formation of the conducting channels.
As the total energy is given with respect to an arbitrary reference energy in periodic calculations, a common reference should be determined for all the structures involved in this work. [33] In fact, the knowledge of this common reference is necessary to find the offset between the valence band of different materials. The knowledge of this band offset is important, for instance, in determining whether there is charge transfer at the interface between the two systems, the materials doping limits [34] as well as other properties. For instance, Scanlon et al. [35] determined the band offset between rutile and anatase TiO 2 structures via a cluster approach, providing an understanding about the separation of charge carriers in photocatalysis using the mixed-phase structure.
Our objective in this paper is to study the interface of TiO 2 and one of its oxygen deficient counterparts, Ti 4 O 7 . For this purpose, we built a supercell containing the Ti 4 O 7 -TiO 2 interface which was then used for our calculations. In particular we analyze the band alignment, which has been found to be of type II (the conduction band minimum (CBM) is located in one material and valence band maximum (VBM) in the other), and its consequences to the overall electronic structure of the combined system.
II. COMPUTATIONAL DETAILS
All density functional theory (DFT [36, 37] ) calculations in this work were performed using the VASP package. [38, 39] Wave functions are described within the Projector Augmented Waves (PAW) scheme [40, 41] with periodic boundary conditions. The 3p3d4s and 2s2p electrons were considered as valence electrons for Ti and O atoms respectively and the PBE functional [42] was used as the exchange-correlation potential. The cutoff energy for the plane wave expansion was 700 eV and the k-point meshes used throughout this work were generated using a 2 × 2 × 1 Γ-centered grid. Spin polarization was taken into account for all calculations. Relaxation of the ions was performed while the unit cell was kept fixed, until forces were smaller than 2.5 × 10 −3 eV/Å, for the isolated materials and 5.0 × 10 −2 eV/Å, for the supercell. We have performed test calculations with a smaller supercell for the interface, but with more strict parameters for the convergence of the forces. The results were similar for quantities calculated in this work.
A Hubbard U parameter was introduced for a better description of the Ti(d) electrons. Our earlier work [32] shows that a value of 5 eV for U is enough to achieve a good description of the electronic structure of Ti n O 2n−1 (2 ≤ n ≤ 5) Magnéli phases. Even though, test calculations were performed for other values of U (0, 2 and 4 eV) and the same qualitative results were obtained for the type of alignment as well as the relative position of the unnocupied levels of the same materials. In the rotationally invariant scheme as implemented in VASP [43] only the value of U − J (J is the spherically averaged matrix element of the screened Coulomb interaction between electrons) is of relevance, thus J was set to zero for all calculations.
III. CONSTRUCTION OF THE INTERFACE
One of the key points in this work is that building the interface requires matching two of the three unit cell vectors of each compound at the interfacial region. For that to be accomplished, it is necessary to find the smallest supercell where the deformation imposed to each compound is such that no significant change in electronic structure with respect to the bulk material arises in regions away from the interface. For the materials presented in this work, this is difficult, since the TiO 2 and the Ti 4 O 7 presented very distinct unit cells. The stable form of TiO 2 at ambient conditions is the rutile structure (tetragonal unit cell, a r = b r = 4.59Å, c r = 2.96Å [44] ) while the Ti 4 O 7 presents a complicated Magnéli structure (triclinic cell, see Table I ). To overcome this difficulty, we followed steps that lead to the derivation of the Magnéli structure from the rutile one as follows. The first step is to obtain the Magnéli phase structures from TiO 2 rutile via the unit cell transformation [45] 
where a
M are the unit cell vectors of the Magnéli structure of index n. The result of using this operation for the case when n = 4 is illustrated in Fig.  1(b) and the comparison with the Ti 4 O 7 unit cell is presented in Table I . Notice that this still represents a TiO 2 rutile structure, but the unit cell is now the one from Ti 4 O 7 . From this point, the Ti 4 O 7 Magnéli phase, as well as all Magnéli phases (Ti n O 2n−1 , n = 2, 3, . . . , 10) can be generated via the operation [46] [47] [48] 
that consists of periodic displacements; after every n-th (121) plane, the atoms are translated by 1 /2[011] crystal vector of the rutile unit cell. This operation leads to the formation of extended defects, which are composed of oxygen vacancies (V O 's) restricted to planes known as shear planes. The resulting arrangement is presented in Fig. 1(a) . Since the operation given by equation 2 affects only the atomic positions, both structures present the same triclinic unit cell. In essence, the transformation presented above results in unit cells with equal lengths. The two materials can thus be interfaced in the plane that is secant to the c axis (highlighted in Fig. 1(c) ). This Ti 4 O 7 -TiO 2 interface is, by construction, strain free, defect free, presents exactly the same cell parameters and consequently no dipoles would arise at the heterojunction. In our calculations we created a supercell along the c axis by repeating the cell for each material four times (c = 165.61Å) in order to ensure convergence of the potential away from the interface.
IV. BAND OFFSET
After obtaining the three structures -both isolated materials and their interface -it is possible to calculate the natural band offset between the two systems studied in this work. The band offset will be given by [49] 
where ∆E v,φ (Ti 4 O 7 ) and ∆E v,φ ′ (TiO 2 ) are the differences between the Valence Band Maximum energy (E V BM ) and the electrostatic potential averaged over a certain volume of the unit cell of the isolated materials, while ∆E φ,φ ′ (TiO 2 |Ti 4 O 7 ) is the difference between the averaged electrostatic potential of the different materials calculated in bulk-like regions of the relaxed heterostructure supercell.
The determination of the quantities needed by equation 3 can be achieved by, first, obtaining the electronic structure of each isolated (bulk) system. From this calculation, the average electrostatic potential along the crystal axis which is secant to the interface (the c axis, in this case) is determined,
as well as the position in energy of the VBM, E V BM for each system. Using the heterostructure after ionic relaxation we also calculated φ(z) in a similar fashion. From the plot of the electrostatic potential for all three structures (shown in figure 2 ) it is possible to define regions, labeled ∆z 1 and ∆z 2 , where both the bulk materials and the heterostructure present similar characteristics. These regions of the heterostructure are considered as bulk-like and should have, in principle, the same potential. The average electrostatic potential is then obtained by the integration of φ(z) along ∆z 1 and ∆z 2 for Ti 4 O 7 and TiO 2 respectively, and is used to calculate the first and second terms of equation 3. From the heterostructure calculation, the same quantities are used to obtain the final term. The third step would comprise the determination of the band energy shift due to the hydrostatic pressure. In this particular case our heterostructure is completely strain free, as it is built by equal unit cells, thus this last step presents no contribution. After those steps were carried out, the band offset obtained in our case resulted in ∆E v (TiO 2 |Ti 4 O 7 ) = 2.18 eV. Numerical errors due to the choice of a particular U were estimated to be ≈ 0.3 eV, by comparison with other test calculations performed using other values of U . Even though the value of the valence band offset presented a variation with respect to the value of U used, being smaller for smaller U , the overall electronic structure of the interface has not changed, and the final result, which is the relative position of electronic levels of TiO 2 and Ti 4 O 7 , remained practically unchanged. For this reason, we have chosen to report only the results for U = 5 eV.
V. RESULTS
The projected Density of States (PDOS) was calculated for the two isolated structures and the results were shifted in energy by the band offset. These results are shown in fig. 3 . From that graph, it is possible to notice that the VBM of the interface is located on Ti 4 O 7 , while the CBM is found in the TiO 2 , resulting in a type II heterostructure.
Given that the CBM is 0.16 eV above the VBM (upper panel, Fig. 3) , it is possible that electrons would leave the Ti 4 O 7 structure and arrive at the unoccupied levels at the TiO 2 structure due to the presence of an electric field. In this case, the Ti 4 O 7 channels present inside of the TiO 2 matrix that forms the memristor could act as donors to the neighboring region of that matrix. This specific characteristic does not depend on the choice of U . While it is known that the isolated oxygen vacancy in the TiO 2 rutile acts as a shallow donor, [17] as to our knowledge, this same behavior has not been reported for the ordered defects present into the Ti 4 O 7 structure.
Further evidence of the real-space separation of the VBM and CBM is given by the projected charge density over the frontier orbitals. The projection was performed for the last occupied and first unoccupied bands, at the Γ point. As a result, presented in Fig. 4 , it is possible to notice that while the VBM (Fig 4(b) ) is located mainly on the Ti atoms of the Ti 4 O 7 structure close to the interface (with a contribution of some of the Ti atoms from TiO 2 ), the CBM (Fig. 4(a) ) is located exclusively on the TiO 2 segment.
Some hybridization may be responsible for the contribution coming from the TiO 2 structure to the VBM, as both levels present Ti(d) character (see Fig 3) . Another explanation for this contribution would be the length of the c axis, which is not long enough to describe the separation of the frontier orbitals. Indeed, calculations performed with a smaller supercell (the supercell c vector length was half of the one used in the calculations presented) resulted in larger charge delocalization. Therefore, we expect that, in the limit of longer unit cells (closer to realistic systems) the charge would be fully separated on the two phases.
VI. CONCLUSIONS
In conclusion, we have reported the band offset given by the average of the electrostatic potential for the Ti 4 O 7 -TiO 2 heterostructure. The supercell containing the junction was built using transformations that resulted in the same unit cell for both materials present on this junction. The localization of the VBM and CBM was determined to be at the Ti 4 O 7 and TiO 2 structures respectively, resulting in a type II heterostructure. As the band gap is 0.16 eV, our results indicate that the Ti 4 O 7 channels inside of the memristor TiO 2 matrix would then act as donors for the TiO 2 structure.
